Abstract-Two perfluorinated surfactants, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS), were evaluated for their toxicity to the aquatic midge, Chironomus tentans. Impetus for this laboratory study originated from a 10-d, in situ field assessment in which C. tentans was exposed to PFOS at concentrations ranging from 300 to 30,000 g/L. No midges survived these exposures. Midge survival in a preliminary, acute 10-d laboratory test with nominal PFOS concentrations ranging from 0.1 to 100,000 g/L showed similar toxicity with respect to survival (median lethal concentration [LC50], 45.2 g/L) and growth (median effective concentration [EC50], 27.4 g/L). A parallel test using PFOA indicated no significant impacts on survival or growth. A definitive 10-d assay with PFOS concentrations ranging from 1 to 150 g/L produced an EC50 for growth (87.2 Ϯ 11.6 g/L) of the same order of magnitude as that in the preliminary findings. The same was not true for survival, however, with the LC50 falling outside the range of test concentrations. To further investigate the sensitivity of C. tentans to PFOS, we conducted a chronic life-cycle test using a nominal concentration range of 1 to 100 g/L. Three of the four endpoints measured-survival, growth, and emergence-were significantly affected, with EC50 values of 92.2 Ϯ 3.1, 93.8 Ϯ 2.6, and 94.5 Ϯ 3.2 g/L, respectively. Reproduction was not affected by those PFOS concentrations at which females emerged. The results of the present study indicate that PFOS toxicity thresholds for C. tentans are as much as three orders of magnitude lower than those reported for other aquatic organisms but, at present, are approximately two orders of magnitude higher than those concentrations typically observed in aquatic environments.
INTRODUCTION
Perfluorinated surfactants have been in widespread use in various commercial and industrial applications for more than half a century. Their most common use is in surface treatments for fabrics, leather, carpets, and paper products to repel soil, oil, and water. Other applications include fire-fighting foams, mining surfactants, adhesives, floor polishes and waxes, photographic film, denture cleaners, shampoos, and insecticides [1, 2] . However, the unique properties that make perfluorinated compounds such superior surfactants have also resulted in their extreme recalcitrance and pervasiveness in both biotic and abiotic matrices.
The perfluorinated carboxylic acids and perfluorinated sulfonic acids are two of the most important groups of perfluorinated surfactants. Of these, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are among the most recalcitrant. Both PFOA and PFOS resist chemical and biological degradation, and each represents a persistent breakdown product of many of the fluorinated telomer alcohols and polyfluorinated sulfonamides [3, 4] (http://www.oecd.org/dataoecd/ 23/18/2382880.pdf; http://www.ewg.org.policymemo/20021113/ pdf/EPAPFOA110402.pdf). The detection and measurement of PFOA and PFOS in a variety of biological and environmental matrices, including human blood samples in the United States, Europe, Japan, and China [3, 4] as well as tissue samples from wildlife throughout the world [5] [6] [7] , demonstrate the widespread distribution and bioaccumulative potential of these compounds. The global prevalence and persistence of both PFOA and PFOS have led to growing scientific and public concern and a corresponding need for environmental fate and toxicity data on which the potential risks of these compounds can be assessed.
Both PFOA and PFOS have also been detected in surface waters and sediments. Average concentrations of 394 Ϯ 128 and 114 Ϯ 19 ng/L of PFOA and PFOS, respectively, were measured in the Tennessee River (USA) downstream from a fluorochemical manufacturing facility [8] . In their Multi-City Study, 3M (St. Paul, MN, USA) reported on PFOA and PFOS concentrations in water, sludge, sediment, effluent, and landfill leachate samples obtained from six cities in the United States [9] . Surface-water concentrations across all cities ranged from nondetectable (ND) to 83 ng/L for PFOA and from ND to 138 ng/L for PFOS. The highest reported levels of PFOA and PFOS in surface waters occurred after the accidental release of 22,000 L of fire-fighting foam into Etobicoke Creek in June 2000 near Toronto (ON, Canada) [10] . Following the spill (Ͻ48 h), PFOA and PFOS concentrations peaked at 11.3 and 2,210 g/L, respectively.
Despite the widespread occurrence and persistence of PFOA and PFOS in surface waters and wildlife, little is known regarding their potential toxicity in aquatic ecosystems. We recently reported on a comprehensive field and laboratory initiative investigating the fate and toxicity of fluorinated surfactants [11] [12] [13] . As part of that assessment, a field microcosm study of PFOS (concentration range, 300-30,000 g/L) was conducted, which included a 10-d acute, in situ exposure using the midge Chironomus tentans. In that case, complete mor-Environ. Toxicol. Chem. 23, 2004 2117 tality occurred in all treatments except the controls. Control survival (67%) in that field study was slightly less than laboratory-based acceptability criterion (70%), but these results did indicate a much higher sensitivity of C. tentans to PFOS than had previously been determined for several other aquatic organisms [12, 13] . The objective of the present study, therefore, was to assess the acute and chronic toxicity of PFOS and the closely related compound PFOA to C. tentans under laboratory conditions.
MATERIALS AND METHODS

Test compounds
The potassium salt of PFOS (C 8 F 17 SO 3 K) was supplied by 3M and had a purity of 95% dry mass. Laboratory-grade PFOA was obtained from Sigma-Aldrich Canada (Oakville, ON, Canada) and had a purity of 97% or greater. All treatment concentrations for PFOS and PFOA were based on the anions (C 8 F 17 and C 8 F 17 , respectively).
Ϫ Ϫ SO CO 3 3 Culture conditions
Chironomus tentans were reared in 10-L glass aquaria containing washed, ashed (3 h at 550ЊC), and sieved mediumgrain (particle size, 250-499 m) sand with overlying American Society for Testing and Materials (ASTM) hard water [14] . Cultures were maintained in a walk-in environmental chamber (23ЊC, 16:8-h light:dark photoperiod) and fed 5 to 10 ml of Tetrafin (Tetra, Blacksburg, VA, USA) fish-flake slurry (56 g/L culture water) per tank daily. Overlying water was partially renewed on a daily basis, and the tanks were continuously aerated.
General study design and setup
Laboratory studies were conducted in a tiered design beginning with acute range-finding tests followed by definitive acute and chronic assays. All tests were performed in a walkin environmental chamber maintained at 23ЊC and with a 16: 8-h light:dark photoperiod. Experiments were conducted in general accordance with U.S. Environmental Protection Agency (U.S. EPA) [15] and ASTM [16] standards for 10-d (acute) and life-cycle (chronic) toxicity testing using C. tentans. One exception was that we used a static-renewal dosing regime in which test solutions were renewed every 48 h. A static-renewal approach is acceptable under U.S. EPA and ASTM guidelines, but it is often considered to be less appropriate for this type of testing. One concern is the maintenance of sufficient dissolved oxygen (DO) concentrations throughout the test period, particularly under a daily feeding regime. All experimental units in the present study were aerated, and DO concentrations remained consistently greater than 5 mg/L for the duration of all tests, more than double the minimum requirement of 2.5 mg/L as stated in the guidelines [15] . Another concern with static-renewal exposures is the potential for variation in toxicant exposure concentrations throughout the study period. However, both PFOA and PFOS are extremely stable in water and have a very low probability of loss because of volatilization resulting from aeration of the test vessels. For example, microcosm and laboratory studies found that aqueous concentrations of PFOA remained stable over a 35-d monitoring period [13, 17] and that PFOS concentrations were stable over a 285-d monitoring period [11] .
Acute toxicity tests
Test preparation. Thirteen days before test initiation, four large, C-shaped egg cases were collected from adult mating chambers and transferred via a wide-bore, disposable plastic pipette to Petri dishes containing ASTM hard water. These hatching dishes were incubated in the environmental chamber for 2 d (day Ϫ11), at which time they were examined for viability, development, and hatch. Hatched egg cases and embryos were transferred to culture aquaria containing clean culture sand and overlying water. Larval cultures were maintained in the environmental chamber (23ЊC, 16:8-h light:dark photoperiod) until test initiation (day 0).
Replicates for each test were set up the day before test initiation (day Ϫ1) by adding approximately 50 ml of clean culture sand to individual, 250-ml polypropylene beakers. Polypropylene or polyethylene containers were used for testing, sampling, and preparing solutions, because PFOA and PFOS may adsorb to glass [18] . Overlying treatment solutions were prepared by diluting concentrated PFOA and PFOS stock solutions in control water. They were then gently poured along the sides of each beaker to a volume of approximately 240 ml. All replicates were then placed in the environmental chamber and allowed to settle for 3 h. Each replicate then received a 1.5-ml aliquot of test food consisting of dilute Tetrafin fishflake slurry (4 g/L).
Nominal concentrations used in the PFOS definitive assay were 1, 5, 10, 20, 40, 80, and 150 g/L. These concentrations were selected based on a preliminary range-finding test (concentration range, 1-100,000 g/L), which generated median effective concentration (EC50) estimates of 45.2 Ϯ 29.6 g/L and 27.4 g/L (confidence limits could not be computed) for survival and growth, respectively. In parallel 10-d exposures with PFOA, survival and growth of C. tentans was not affected at concentrations up to 100,000 g/L. Because of the lack of response, we did not conduct any further tests with PFOA.
Test initiation, monitoring, and evaluation. On the initial day of the each assay (day 0), approximately 140 ml of overlying solution in each replicate were removed and renewed with fresh test solution using a peristaltic pump. Each replicate was then supplied with 1.5 ml of food and allowed to settle for 2 h. Ten larvae (age, 10 d) were then collected and transferred using a wide-bore pipette into the water column of each replicate, beginning with the controls and progressing through to the highest concentration.
Test solutions were renewed every 48 h beginning on day 2. Solution renewal was performed carefully to minimize disturbance of the sediment and larvae. Each replicate was gently aerated for the duration of the test by bubbling air through rubber tubing to plastic pipette tips attached to the inside of each test vessel just below the solution surface. Temperature and DO concentration were measured daily from at least two randomly selected replicates per treatment using a YSI model 57 (YSI, Yellow Springs, OH, USA) DO meter. Each replicate received 1.5 ml of test food daily for the duration of the assays. Visual observations of water quality and larval activity (e.g., burrowing, floating, moving along sediment surface) and appearance (e.g., color, size) were conducted on a daily basis before feeding.
On day 10, sediment and overlying solution from each replicate were emptied into a glass bowl, and all larvae were removed using a forceps. Live larvae were counted and kept separated by replicate for determination of growth. Larvae M.M. MacDonald et al.
from each replicate were placed in separate, ashed (2 h at 550ЊC), 42-ml aluminum weigh pans and dried at 60ЊC for approximately 24 h. Samples were then cooled to room temperature in a dessicator and weighed to obtain mean dry weight per organism. Samples were then ashed at 550ЊC for 2 h, and each pan was reweighed. Ash-free dry weight was determined as the difference between the mean dry weight and mean ashed weight per larva in each treatment.
Chronic life-cycle assay
The C. tentans life-cycle test used in the present study was adapted from that described by Benoit et al. [19] . The biology of C. tentans has been presented in detail by Sadler [20] . It is described here briefly to allow the reader to better understand the relationship between the endpoints measured in this assay and the life cycle of this midge. The larval stage of C. tentans is typically complete within 23 to 30 d under laboratory conditions at 23ЊC. Toward the end of the fourth instar, larvae cease feeding and commence pupation, which usually lasts for 1 to 2 d. Emergence is bimodal (protandy), with peak male emergence occurring 5 to 7 d before peak female emergence. Females generally produce a single primary egg case within 24 h of mating, and hatching begins approximately 2 d after oviposition. Larvae remain in the egg case for approximately 24 h after hatching. Once free of the egg case, larvae reside in tubes constructed from sedimentary materials.
Test preparation. Three days before test initiation, seven large, C-shaped egg cases were collected from adult mating chambers and transferred to Petri dishes containing control ASTM hard water. The hatching dishes were incubated in the environmental chamber until test initiation. Egg cases were examined under a dissecting microscope on each of the following three days (days Ϫ2, Ϫ1, and 0) for viability, development, and hatch. A total of 12 beakers per treatment were set up the day before test initiation (day Ϫ1) as described above.
Test initiation and monitoring. On the initial day of the assay (day 0), individual egg cases containing hatched larvae were transferred to small (3 cm), glass Petri dishes containing fresh control water to stimulate the remaining (age, Ͻ24 h) larvae to move out of the egg case to facilitate transfer [19] . Each replicate was then renewed, fed, and allowed to settle in the exact same manner as described for the acute tests. Twelve newly hatched larvae were then collected and transferred using a dissecting microscope and a pasture pipette onto the sediment of each replicate, beginning with the controls and progressing through to the highest concentration.
Static renewal of test solutions was performed every 48 h beginning on day 2. To minimize damage to the larvae during the first two weeks of the assay, renewal was carried out by carefully removing the test solution using disposable plastic, 25-ml pipettes. After this time, it was assumed that the larvae were sufficiently large and established in test vessels to allow careful renewal using the peristaltic pump with rubber tubing. Continuous gentle aeration of each replicate commenced on day 3 and continued for the duration of the test in the same manner as described above for the acute assays.
Temperature and DO concentration were measured in at least two replicates per treatment on a daily basis from days 0 to 20 and then every other day (on alternate days from test solution renewal) from days 21 to 60. The frequency of monitoring was reduced during this period, because both parameters consistently remained within acceptable ranges (21.0-23.0ЊC, DO Ͼ 5.0 mg/L). The feeding regime and observations on water quality and larval activity and appearance used in the acute studies were also performed in the life-cycle assay.
Because peak female emergence in C. tentans is delayed relative to that of males, it is necessary to ensure a steady supply of viable males for mating purposes during later stages of the emergence period [19] . This was accomplished by adding four additional replicates per treatment (for auxiliary male production) on day 10 of the test. Eggs for these replicates were collected on day 7 of the assay and replicates were set up and monitored as described previously for the life-cycle assay.
Evaluation of life-cycle endpoints. Of the 12 initial replicates per treatment in the PFOS life-cycle test, four were randomly selected for termination at 20 d to evaluate survival and growth. The remaining eight replicates were monitored over the duration of the test for emergence and reproduction. Survival and growth were measured using the methods described previously for the acute studies.
Emergence traps were placed on the eight emergence/reproduction replicates on day 20 of the assay. Detailed instructions for the construction and use of emergence traps, adult collecting dishes, reproduction/oviposition chambers (ROCs), and aspirators (for collecting adults) used in the present study are provided elsewhere [15, 16, 19] . Emergence traps were placed on auxiliary replicates on day 30 of the assay.
Adults were collected daily from each emergence trap using an aspirator. Emergence was recorded as either complete (the adult had completely shed its pupal case) or partial (the adult had not completely shed its pupal case). Only completely emerged adults were used to estimate emergence, because partially emerged adults die within 1 d. Individual females from each treatment were paired with one or more males from a replicate within the same treatment and transferred using an aspirator to a ROC (one female/chamber) containing control water. In some cases, individual males were used to mate more than one female from the same treatment. Dead adults and pupae were removed daily from test vessels and ROCs. Adult and pupal mortality were recorded on a daily basis for each replicate.
Each ROC was monitored daily for egg production. Females of C. tentans generally oviposit a primary egg case followed by a smaller, secondary one within 1 to 3 d of mating. Only primary egg cases were used to estimate reproduction. Egg cases were transferred to plastic Petri dishes (diameter, 3 cm) containing control water, and the number of eggs was determined under a dissecting microscope either by direct count or by estimation using the ring-count method [19] . Egg cases were then incubated for 6 d in the environmental chamber. After this time, hatchability was determined by subtracting the number of unhatched eggs from the total number of eggs originally counted in each egg case.
Residue analysis
Residue analyses were not conducted for the PFOA and PFOS range-finding tests, because the purpose of those assays was only to establish approximate toxicity ranges. However, a 25-ml aliquot of test solution was collected from each of two randomly chosen replicates within each treatment at the end of each test for residue analysis for both the PFOS definitive and life-cycle assays. Ideally, residue analysis would be conducted on each new treatment solution as well as each old treatment solution immediately before renewal. Unfortunately, because of the complexity and time-intensive nature of PFOS analysis, such frequent measurements were not feasible for the present study. Although PFOA and PFOS are extremely stable in aqueous environments over extended periods [13, 17] , the reader is asked to interpret the LC and EC values for various endpoints in the present study with some caution.
All aqueous samples were analyzed using liquid chromatography-tandem mass spectrometry using negative electrospray ionization as previously outlined by Moody et al. [10, 21] . Analytes of interest were separated using a methanol/ water-mobile phase with a gradient elution and a flow rate of 200 l/min. The mass spectrometer was operated in multiplereaction monitoring mode, and the parent-daughter ions monitored for PFOA and PFOS were 413 Ͼ 369 and 499 Ͼ 99 m/z, respectively. Quantification was performed using perfluorododecanoic acid as an internal standard and linear calibration curves (r 2 Ͼ 0.99). Samples with nominal concentrations less than 1 g/L were concentrated on solid-phase extraction cartridges (C 18 ) eluted with methanol and reduced to 1 ml under N 2 before analysis.
Statistical analysis
Test results were analyzed using analysis of variance following application of Shapiro-Wilk's test for normality and Bartlett's test for equal variance. Data that were not normally distributed were arcsine square-root transformed before analysis. Tukey's test was applied to determine significant differences between treatment means. The nonparametric Steels many-one rank test was used to analyze 10-d survival in the definitive test, because these data could not be transformed to meet the assumptions of normality and homogeneous variance. All analyses were performed using Toxstat Version 3.3 software (Department of Zoology and Physiology, University of Wyoming, Laramie, WY, USA), with the probability of a type I error set at 0.05 (p Յ 0.05). Estimates of the no-observedeffect concentrations (NOECs) were determined statistically by comparison to control responses, whereas EC50 and 10% effective concentration (EC10) estimates were determined using nonlinear regression. Both NOEC and EC-based estimates were calculated using the SAS System for Windows (Ver 8.2; SAS Institute, Cary, NC, USA).
RESULTS
Residue analyses
Measured concentrations (Table 1) were close (Ͻ22% difference) to nominal concentrations in the definitive test but were 2-to 2.5-fold higher than targeted concentrations in the life-cycle test. Results reported in the figures are based on nominal concentrations, but all toxicity estimates (EC10, EC50, and NOEC values) are based on measured concentrations.
Acute studies: PFOS 10-d definitive test
No significant effect of PFOS on midge survival was observed; however, survival was reduced by 30% at the highest concentration (150 g/L) relative to the controls (Fig. 1A) . Significant reductions in larval weight were observed at the two highest concentrations (80 and 150 g/L) (Fig. 1B) . The EC50 for growth was 87.2 Ϯ 11.6 g/L, whereas the corresponding EC10 was 49.2 Ϯ 16.6 g/L ( Table 2 ). The NOEC value for growth, based on measured concentrations, was 49.1 g/L. At the end of the 10-d assay, a significant concentrationdependent increase was found in the number of surviving larvae that had vacated or failed to build tubes and, instead, were residing on the sediment surface (Fig. 2) . This behavior first became apparent on the second day of the assay and was characterized by a gradual loss of red color and constant undulatory motion of the larvae.
Chronic life-cycle assay
20-d survival and growth.
A concentration response was observed at 20 d for both survival (Fig. 3A) and growth (Fig. M.M . MacDonald et al. (Table 2) . Similarly, a significant decline in growth (ash-free dry wt) was observed in treatments with 50 g/L or greater. The EC50 for growth was 93.8 Ϯ 2.6 g/L, with corresponding EC10 and NOEC values of 88.2 Ϯ 2.7 g/L and 21.7 g/L, respectively ( Table 2) .
Emergence. Time to first emergence, rate of emergence, and total emergence per treatment were all affected by increasing PFOS concentrations (Fig. 4) . The time to first emergence was significantly delayed relative to the control in treatments with 50 g/L or greater. Total emergence was significantly reduced in all treatments relative to the control, ranging from 73% in the controls to 12% at 50 g/L. Although a few larvae were observed in the emergence/reproduction replicates at 100 g/ L, none survived through pupation to emerge. The EC50 for total emergence was 94.5 Ϯ 3.2 g/L, with corresponding EC10 and NOEC values of 89.3 Ϯ 3.4 g/L and less than 2.3 g/L, respectively (Table 2) .
Reproduction. A concentration-dependent decline was found in the total number of egg masses produced by females, ranging from 12 egg masses in the control to a single egg mass at 50 g/L (Table 3) . However, we observed no significant effect of PFOS on the mean number of eggs per egg mass in these treatments. No reproduction was measured at 100 g/L, because none of the larvae survived to adulthood. Percentage hatch exceeded 90% in the control and in the 5-and 10-g/L treatments but was 65% in the 1-g/L treatment ( Table 3) . None of the eggs in the single egg case that was oviposited in the 50-g/L treatment hatched.
DISCUSSION
The results of the present study show that C. tentans is relatively insensitive to PFOA but highly sensitive to PFOS. The data show that at less than 100 g/L, PFOS toxicity thresholds for C. tentans are as much as three orders of magnitude lower than those for any organism previously tested and, to the best of our knowledge, represent the lowest values reported for aquatic organisms to date. For example, in a recent laboratory study to assess the toxicity of PFOS to several aquatic These values are higher than those determined by Sanderson et al. [22] , who used indoor microcosms to assess PFOS toxicity on zooplankton populations. In that study, the abundance of Cyclops diaptomus, the most sensitive species tested, declined by at least 90% after exposure to PFOS for one week at 30 mg/L and for two weeks at 10 mg/L, respectively. Boudreau et al. [12] also found high PFOS toxicity thresholds for the aquatic macrophyte Lemna gibba (wet wt) and the green algae Pseudokirchneriella subcapitatum and Chlorella vulgaris (abundance), with EC50s of 31, 48, and 82 mg/L, respectively. That PFOS was more toxic than PFOA in the present study is not surprising, because this finding is similar to the results of other studies that have evaluated the toxicity of PFOS and PFOA to aquatic invertebrates and plants [11] [12] [13] . For example, in 48-h laboratory exposures to PFOA, Boudreau et al. [13] determined LC50 values for D. magna and D. pulicaria of 268 and 277 mg/L, respectively. Corresponding values for field-tested L. gibba (35-d wet wt) and laboratory-tested P. subcapitatum and Chlorella vulgaris (abundance) were 80, 137, and 115 mg/L, respectively. Using indoor microcosms to assess the toxicity of PFOA to zooplankton populations (35-d exposure), Sanderson et al. [22] found that the most sensitive organism was D. magna, with a 24-h lowest-observed-effect concentration of 20 mg/L.
The precise mechanism causing the enhanced sensitivity of
Chironomus tentans to PFOS relative to other aquatic organisms is difficult to postulate. However, several lines of evidence obtained during our tests indicate that this response may be related to oxygen stress. Larvae subjected to higher PFOS concentrations were consistently observed at the sediment surface, having either abandoned or failed to construct tubes. These larvae gradually become pale in color, apparently losing the red pigmentation typically associated with hemoglobin, and they constantly undulated their bodies, a behavior that is commonly observed in oxygen-stressed larvae. This response was observed in 84% of larvae at the highest PFOS concentration (150 g/L) in the definitive test. Importantly, this response did not reflect low oxygen concentrations in the surrounding medium, because DO in all test chambers remained in excess of 5 mg/L at all times during the test, well above those levels considered to be stressful to C. tentans [15] . Although our current understanding about the potential modes of action of PFOS in invertebrates is limited, one hypothesis to explain the enhanced sensitivity of C. tentans is that PFOS may be interacting in some manner with hemoglobin, or with a precursor molecule in the biosynthetic pathway for hemoglobin, that disrupts or reduces the efficiency with which oxygen is bound or released. We are not aware of any studies that have assessed fluorinated surfactant-hemoglobin interactions in invertebrates, and to our knowledge, evidence supporting this hypothesis in mammals is relatively scarce. Some studies have shown that exposure to PFOS in rats can lower hemoglobin concentrations in the blood [3] and that PFOS will bind with certain proteins [23] . Other studies, however, indicate that effects on human hemoglobin via direct binding with PFOS are unlikely, because the binding affinity between the two is believed to be weak [1] .
In addition to our laboratory observations, two additional lines of indirect evidence support the hypothesis that the enhanced sensitivity of C. tentans may reflect some form of interaction between PFOS and hemoglobin. First, during a field assessment of PFOS [11] , we conducted a 10-d, in situ exposure with C. tentans (data not shown) in which no larvae survived in any of the PFOS treatments (Ͼ300 g/L). However, the test chambers were colonized by several species of small, nonpredatory, white (i.e., no hemoglobin) midge during the exposure period. These midges occurred in approximately equal densities in all treatments and were apparently unaffected by PFOS.
Results from toxicity tests with Daphnia sp. may provide a second line of evidence supporting a possible interaction between PFOS and hemoglobin. Daphnia sp. have consistently been found to be insensitive to PFOS [11, 22] even though hemoglobin is known to occur in these organisms. Unlike hemoglobin in C. tentans, hemoglobin in Daphnia sp. is produced in response to declining levels of DO and, otherwise, occurs only at low concentrations when oxygen is readily available [24] . Thus, under normal test conditions, little hemoglobin would likely be available for interacting with PFOS in Daphnia sp. In contrast, hemoglobin in C. tentans is present at all levels of DO and, therefore, is available at all times for potential interaction with PFOS.
The lines of evidence discussed above support the PFOShemoglobin interaction theory, but other factors that counter such an interaction must also be considered. From an ecological perspective, Chironomus larvae are extremely well adapted to low-oxygen environments, and their hemoglobin will bind oxygen with much higher affinity compared to that of other invertebrates [25, 26] . In light of this high affinity, oxygen is released most efficiently from hemoglobin in Chironomus sp. at very low (hypoxic) oxygen levels; thus, hemoglobinbased respiration in this midge primarily occurs when oxygen concentrations in the surrounding medium become hypoxic. For this reason, Chironomus larvae can survive for several minutes in hypoxic conditions [27] . At higher oxygen concentrations, as was the case in the present study, respiration in Chironomus organisms typically occurs via cutaneous exchange. Thus, even if PFOS did interact in some fashion with hemoglobin to prevent oxygen from being bound or released, this may not have significantly impaired the respiratory activity of the larvae under the testing conditions of the present study because of the favorable oxygen environment and likely predominance of cutaneous respiration.
It is also important to realize that significant structural and functional differences exist between invertebrate and noninvertebrate hemoglobins [26] and that the former may not respond to contaminants in the same manner as the latter. Unlike mammalian forms of hemoglobin, in which the structure is highly conserved across species, Chironomus larvae possess as many as 12 forms of hemoglobin, most likely reflecting an evolutionary adaptation to the diversity of habitats in which they are found [25] . Information regarding the relative proportions of these different hemoglobin forms in C. tentans is limited [28] , but if the hypothesis of PFOS-hemoglobin binding is true, PFOS would likely have to bind to most of the hemoglobin present to effectively elicit an impact on respiration. In fact, the diversity of hemoglobins in Chironomus sp. (specifically, their role in oxidation reactions) has been used to explain, in part, the enhanced tolerance of this organism to a wide variety of contaminants [25] .
If the hypothesis of hemoglobin-PFOS interaction is correct, a response similar to that exhibited by C. tentans could be predicted in other hemoglobin-bearing midges. A simple test of this hypothesis could be achieved by exposing larvae of closely related species of Chironomus (e.g., C. riparius, C. prasinus, C. decorus, or C. plumosus) to PFOS at concentrations comparable to those used in the present study.
A second hypothesis is that the behavioral symptoms indicating oxygen stress in the larvae may result from an uncoupling of oxidative phosphorylation. Several studies have shown that some fluorinated surfactants, including PFOS, act as uncouplers of oxidative phosphorylation [29] [30] [31] [32] . Uncoupling does not stop the flow of electrons through the electrontransport chain, but it does stop the production of adenosine triphosphate, the primary source of energy in all organisms. Respiration therefore continues, but at an increased rate, which might be expected if the energy of oxidation is not conserved as adenosine triphosphate but, rather, is lost as heat [33] . This could explain the constant undulatory motion observed in many of the larvae residing on the sediment surface.
The toxicity of PFOS to C. tentans was clearly manifested in survival, growth, and emergence endpoints, but reproduction was not affected. A concentration-dependent decline was observed in the total number of egg masses oviposited, but this reflected a corresponding increase in larval mortality (fewer males and females available for mating). In the present study, the number of eggs per female was not affected by PFOS at any concentration in which female emergence occurred. It is important to note that fewer eggs masses were produced in the present study than might have been expected based on previous experience with the life-cycle test and the number of replicates from which females were potentially available for each treatment [34, 35] . The reduced egg mass production reflected a paucity of males because of poor survival and low emergence (Ͻ10%) in the auxiliary beakers, despite the fact that they were set up and exposed under conditions identical to those of the other test beakers. In the absence of other explanatory factors, poor survival in the auxiliary beakers probably reflected poor health of larvae used to inoculate them, because high mortality was observed in both the controls and PFOS treatments. The poor emergence from these beakers reduced the pool of males available for mating, because many of the early emerging males from the nonauxiliary beakers had died by the time that peak female emergence occurred.
Despite the high sensitivity of C. tentans to PFOS, the toxicity thresholds determined in the present study are still approximately two orders of magnitude greater than reported environmental concentrations (25-144 ng/L) for PFOS [9, 10] . In rare instances, these threshold values may be exceeded, as was the case following a recent spill of PFOS into Etobicoke Creek in June 2000, in which aqueous concentrations up to 2.21 mg/L were recorded [10] . The ecological implications of PFOS toxicity to C. tentans are unclear, but it is important to note that Chironomus sp. can comprise a significant proportion of the total biomass of the benthos of lakes and ponds [36, 37] and represent an important food source for aquatic organisms, such as fish and ducks [36] . From a risk-assessment standpoint, additional research is therefore required to assess the potential adverse impacts of PFOS on aquatic systems.
CONCLUSION
We evaluated the toxicity of two fluorinated surfactants, PFOA and PFOS, to C. tentans. Our results show that this midge is insensitive to PFOA but highly sensitive to PFOS. With the exception of reproduction (number of eggs/female), toxicity thresholds for this midge are two to three orders of magnitude lower than those previously recorded for other aquatic invertebrate and plant species [12, 22] . The sensitivities of other hemoglobin-bearing midges to PFOS are currently unknown, and the ecological consequences are uncertain. However, because of the ubiquitous nature of these types of midge in aquatic environments, the possibility that PFOS could pose greater risks in aquatic systems than previously predicted cannot be discounted. The manufacture of PFOS was terminated as of December 2002 [1] , and the U.S. EPA initiated a significant new use rule banning the importation and manufacture of PFOS-based products as of 2003 [1] . However, the extreme persistence of this compound and its continued release into the environment from existing consumer and industrial products suggests that potential environmental risks of PFOS should continue to be monitored and evaluated, with the goal of refining current risk assessments [3, 4] . The results of the present study should help to expand the base of knowledge on Acute and chronic toxicity of PFOS and PFOA to C. tentans Environ. Toxicol. Chem. 23, 2004 2123 which sound risk-assessment decisions for PFOS and related compounds can be made.
